Spontaneous term labour is associated with amplified inflammatory events in the myometrium including cytokine production and leukocyte infiltration; however, potential mechanisms regulating such events are not fully understood. We hypothesized that mechanical stretch of the uterine wall by the growing fetus facilitates peripheral leukocyte extravasation into the term myometrium through the release of various cytokines by uterine myocytes. Human myometrial cells (hTERT-HM) were subjected to static mechanical stretch; stretch-conditioned media was collected and analysed using 48-plex Luminex assay and ELISA. Effect of stretch-conditioned media on cell adhesion molecule expression of human uterine microvascular endothelial cells (UtMVEC-Myo) was detected by quantitative polymerase chain reaction (qPCR) and flow cytometry; functional assays testing leukocyte-endothelial interactions: adhesion of leukocytes to endothelial cells and transendothelial migration of calcein-labelled primary human neutrophils as well as migration of THP-1 monocytic cells were assessed by fluorometry. The current in vitro study demonstrated that mechanical stretch (i) directly induces secretion of multiple cytokines and chemokines by hTERT-HM cells (IL-6, CXCL8, CXCL1, migration inhibitory factor (MIF), VEGF, G-CSF, IL-12p70, bFGF and platelet-derived growth factor subunit B (PDGF-bb), P,0.05); stretch-induced cytokines (ii) enhance leukocyte adhesion to the endothelium of the surrounding uterine microvasculature by (iii) inducing the expression of endothelial cell adhesion molecules and (iv) directing the transendothelial migration of peripheral leukocytes. (vi) Chemokine-neutralizing antibodies and broad-spectrum chemokine inhibitor block leukocyte migration. Our data provide a proof of mechanical regulation for leukocyte recruitment from the uterine blood vessels to the myometrium, suggesting a putative mechanism for the leukocyte infiltrate into the uterus during labour and postpartum involution.
INTRODUCTION
A successful pregnancy and delivery requires the adaptation of various uterine tissues to the growing fetus. During the most part of pregnancy, an intact cervix and fetal membranes are necessary to retain the conceptus in utero, while the uterine muscle (myometrium) undergoes several stages of transformation to accommodate the developing fetus, placenta and amniotic fluid. Near term, extensive remodelling occurs at pregnancy-associated sites to prepare for delivery: rupturing of the fetal membrane, softening and effacement of the cervix for dilation and activation of the myometrium to coordinate synchronous contractions to expel the fetus. Multiple research groups have suggested the involvement of the maternal immune system in the regulation of these events during term labour (TL).
It has been proposed that spontaneous human TL is a culmination of interlinked physiological processes that are dominated by the inflammatory system to switch from a quiescent state of the uterus during pregnancy to an activated state during labour contractions.
1-3 TL now is recognized as a localized inflammatory reaction characterized by (i) the activation of maternal peripheral leukocytes; [4] [5] [6] [7] (ii) the increased expression of cytokines/chemokines by gestational tissue; [8] [9] [10] and (iii) upregulation of cell adhesion molecules (CAMs) on uterine vascular endothelial cells. 11 We recently proposed a new model of TL as a physiological uterine inflammation process involving multiple uterine compartments, i.e., the myometrium, decidua and cervix that lead to the successful delivery of baby. 7 It was reported that moderate to marked inflammation indicated by the presence of leukocytes in myometrial samples was detected in women after the onset of labour compared to before the onset, which correlated well with cervical dilatation and fetal membrane rupture. 12 Additionally, macrophage abundance in the human decidua was higher in TL than term non-labouring samples. 13 In parallel, upregulation of pro-inflammatory cytokines mRNA expression of Interleukin-1 b (IL-1b, IL-6, C-X-C motif ligand (CXCL) 8 and C-C motif ligand (CCL) 2 was observed in the myometrium of healthy labouring women. [14] [15] [16] [17] [18] Our recent data confirmed these findings and revealed a more extensive list of up-regulated cytokine and chemokine proteins (CXCL8, CXCL1, CCL2, CCL7, IL-9, IL-18, IL-1RN, tumor necrosis factor alpha (TNFa) and granulocyte colony-stimulating factor (G-CSF)) in healthy TL human myometrial tissue samples, while also detecting a higher number of macrophage and neutrophil infiltrate. 7, 19 The trigger that elevates cytokines in the myometrium of healthy women during labour remains largely elusive. Mechanical stretch has been widely demonstrated as an inducer of cytokine synthesis in different tissues. 20, 21 In particular, many have reported the ability of various uterine cell types such as fetal membrane epithelial cells, uterine myocytes and cervical fibroblasts to secrete cytokines following mechanical stretch stimulus. 22 Using murine models of gestation, we have demonstrated that rat and mouse myometrial smooth muscle cells (SMCs) are capable of producing multiple cytokines under the influence of uterine stretch imposed by the growing fetus around the time of labour. 23, 24 With a unilateral pregnant rat model, we proved that gravidity is associated with the increased cytokine production (IL-1a, CCL2, CXCL1 and IL-6) in the myometrium during TL. 7, 24 Others have also shown the effect of mechanical stretch on CXCL8 synthesis in human myometrial cells and fetal membranes. 8, 10 We hypothesized that multiple cytokines induced by static stretch of SMCs in term pregnant human myometrium may activate the expression of CAMs on endothelial cells in uterine vasculature, which then stimulate the infiltration of peripheral leukocyte in preparation for labour. In addition, the infiltrated leukocyte may contribute to the increase in cytokine levels in the myometrium since they are rich sources of these inflammatory molecules. 25 Therefore, the aim of this study is to gain direct evidence that mechanical stretch of the myometrial SMCs facilitates peripheral leukocyte transendothelial migration into the myometrium. The three main objectives of this study include: (i) the characterization of cytokines secreted in vitro by human myometrial SMCs upon artificial static mechanical stretch; (ii) the analysis of activation by these stretch-induced cytokines of primary human leukocytes (neutrophils and monocytes) and human microvascular endothelial cells (via the upregulation of CAMs); and (iii) the effect of multiple cytokines secreted by stretched myometrial cells on transendothelial migration of immune cells as an in vitro model of the peripheral leukocyte recruitment into the uterine smooth muscle.
MATERIALS AND METHODS

Cell culture
Human myometrial smooth muscle cell line immortalized with human telomerase reverse transcriptase (hTERT-HM, a gift from Dr Jennifer Condon 26 ) was cultured in phenol red-free DMEM/ F12 supplemented with 10% FBS (Gibco, Burlington, ON, Canada), 15 mM HEPES, 100 U/ml penicillin/streptomycin and 0.25 mg/ml amphotericin B (Lonza Walkersville, Inc., Walkersville, MD, USA). Human uterine microvascular endothelial cell line (hUtMVEC-Myo) was purchased from Lonza and grown in endothelial growth media (EGM-2MV; Lonza) supplemented with supplier-recommended concentrations of human EGF, hydrocortisone, gentamicin, VEGF, human bFGF, IGF, ascorbic acid and 5% FBS. Both cell lines were cultured and used from passages 4-8 in a 37uC incubator with 5% CO 2 . Human monocytic cell line (THP-1) was purchased from ATCC (ATCC, Manassas, VA, USA) and maintained in RPMI-1640 (Gibco) supplemented with 10% FBS, 100 U/ml penicillin/streptomycin and 0.25 mg/ml amphotericin B and 0.05 mM of 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA). Culture was passaged when cell density reached 1.0310 6 cells/ml.
Human peripheral blood collection and neutrophil isolation
The study design was approved by the Institutional Review Board of Mount Sinai Hospital, Toronto. Healthy pregnant women with a singleton pregnancy presenting for regular obstetric care at the hospital were recruited and written consent to participate in the study was obtained from each patient. Peripheral blood were collected in Gel and Lithium Heparin vacutainers (BD Diagnostics, Franklin Lakes, NJ, USA) and processed within 1 h of collection. Primary human neutrophils were isolated from heparinized whole blood using a double gradient consisting of HISTOPAQUE-1119 and -1077 (Sigma-Aldrich) centrifuged at 700g for 30 min at room temperature, 25uC. Neutrophil interphase was extracted, washed and adjusted to concentration of 1.5310 6 cells/ml in serum-free DMEM (SF-DMEM) supplemented with ITS-A (Insulin, Transferrin, Selenium, Sodium Pyruvate Solution; Life Technologies, Grand Island, NY, USA). Isolated neutrophils were .90% pure and .95% viable as determined later by flow cytometry and trypan blue, respectively.
Application of static stretch
The impact of mechanical stretch on myometrial cytokine secretion was investigated in vitro using hTERT-HM cells and a vacuum-driven Flexcell computer system (FX-5000; Flexcell International Corp., Hillsborough, NC, USA). Stretch experiment was performed as previously described. 24 hTERT-HM cells were plated at a density of 300 000 cells/well; when confluent, cells were serum-starved overnight prior to stretch. Static stretch up to a maximum of 25% was applied for 24 h inside a humidified incubator with 5% CO 2 at 37uC. Conditioned media, both from control non-stretched (NS-CM) and stretched plates (S-CM) were collected, centrifuged (10 min at 1000g, 4uC) and filtered through 0.22 mm Millex PEs syringe filter units (EMD Millipore Corp., Billerica, MA, USA) to remove cellular debris. Processed conditioned media was kept in 220uC until analysis.
Characterization of stretch-induced myometrial cytokines Luminex assay. A total of 48 human cytokines were screened in the collected conditioned media using the 27-plex and 21-plex Panels of the Bio-Plex Pro Human Cytokine Assays (Bio-Rad Laboratories Inc., Hercules, CA, USA) following manufacturer's instruction manual. The assay plate was read on the Bio-Plex 200 System with High-Throughput Fluidics. Standards and samples were run in duplicates and analysed using the Bio-Plex Manager 5.0 to concentrations in pg/ml. During each run, SF-DMEM was assayed as blank control.
ELISA. ELISA was performed to validate the multiplex assay screening results as per manufacturer's instruction. Samples were diluted with SF-DMEM accordingly to ensure the absorbance readings stayed within the linear range of the standard curve. Human IL-6 and IL-8 (CXCL8) Ready-SET-Go! and vascular endothelial growth factor (VEGF)-A Platinum ELISA kits were purchased from eBioscience (San Diego, CA, USA). Human CXCL1 Single-Analyte ELISAarray Kit was purchased from SABiosciences (Mississauga, ON, Canada) whereas human G-CSF ELISA kit was from RayBiotech Inc. (Norcross, GA, USA).
Endothelial CAM expression
Experimental plates were set up first by precoating 12-well culture plates for 1 h with 0.1% gelatin in sterile water (Millipore, Billerica, MA, USA) at 37uC. Human UtMVEC-Myo cells were plated onto the coated 12-well plates with a seeding density of 100 000 cells per 1.5 ml of EGM-2MV and grown to confluence (48 h). Confluent monolayers were serum-starved overnight with endothelial basal medium supplemented with ITS-A. The next day, 500 ml of SF-DMEM, NS-CM, S-CM or selected individual cytokines was added to the monolayer and incubated for 4 h for quantitative polymerase chain reaction (qPCR) analysis or for 6 h for flow cytometry analysis.
Real-time qPCR analysis
We investigated the effect of S-CM on the gene expression of Eselectin, VCAM-1, ICAM-1 and PECAM-1 normalized against three housekeeping genes (YWHAZ, TBP and SDHA). Total RNA was extracted from UtMVEC-Myo cells and purified using the RNeasy Mini Elute Kit (Qiagen, Germantown, MD, USA) with the use of genomic DNA Eliminator columns. RNA concentration was measured by the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA). RNA quality was assessed using the Experion RNA StdSens Analysis Kit (Bio-Rad Laboratories Inc.) following manufacturer's instructions. Samples with a RQI value greater than 7.5 and a clean separated gel image were accepted as intact RNA. cDNA were generated with iScript reverse transcription supermix (Bio-Rad Laboratories Inc.). All PCR reactions were carried out in triplicates on the CFX384 Real Time System C1000 Thermal Cycler (Bio-Rad Laboratories Inc.) with 5 ng of cDNA, LuminoCt SYBR Green Qpcr ReadyMix (Sigma-Aldrich), forward and reverse primers at a final concentration of 300 nM (Table 1) . Gene expression values were analysed using the DDC q mode on the CFX Manager software 3.0 (Bio-Rad Laboratories Inc.).
Flow cytometry
Fluorochrome-conjugated mouse anti-human antibodies were purchased from BD Pharmingen, Mississauga, ON, Canada: CD54-APC, CD62E-PE-Cy 5, CD106-PE, CD11b-PE-Cy 5, CD44-PE, CD45-APC-H7, CD14-PerCP and CD15-FITC. The protein expression of E-selectin (CD62E), VCAM-1 (CD106) and ICAM-1 (CD54) was analysed on the surface of stimulated hUtMVEC-Myo cells. Experimental protocol was modified from Gräbner et al. 27 Briefly, stimulated monolayers were washed and stained with LIVE/DEAD Fixable Violet Stain for 20 min in the dark (LDVio; Molecular Probes Inc., Eugene, OR, USA). hUtMVEC-Myomonolayer was fixed, stained for specific CAMs for 30 min at 4uC and detached with trypsin/ EDTA for 3 min at 37uC. Stained hUtMVEC-Myo cells were collected, washed (400g, 4uC, 6 min) and resuspended with BD Stabilizing Fixative (BD Biosciences).
To study the protein expressions of CD44 and CD11b on monocytes and neutrophils, we collected peripheral blood from healthy first-trimester pregnant women. Whole blood was stimulated for 1 h (CD11b) or 6 h (CD44) with NS-CM, S-CM or SF-DMEM (1 : 10 ratio) followed by FACS analysis. Basal expression of surface antigens was established by staining the time 'zero' SF-DMEM tube. Following stimulation, whole blood mixtures were stained for dead cells (20 min, 4uC), CD44 and CD11b (30 min, 4uC). Stained samples were transferred . For both leukocyte and EC populations, doublet discrimination was achieved by gating forward and side scatter against their corresponding time of flight. Fluorescence minus one control (FMO) tubes were prepared for every treatment to set appropriate gates during analysis. Data acquisition was run using the 10-colour Gallios Flow Cytometer (Beckman Coulter, Inc., Mississauga, ON, Canada) with at least 5000 hUtMVEC-Myo cells or 1000 monocytes as a stop mark. Data analysis was performed using KaluzaAnalysis Software v.1.2 (Beckman Coulter, Inc., Mississauga, ON, Canada). In each experiment, compensation beads (BD Biosciences) stained with each antibody were prepared and run with the samples. To standardize fluorescent readings of individual experimental runs, the instrument was calibrated each time using Flow-Set Pro Fluorospheres (Beckman Coulter, Inc.) prior to data acquisition.
Permeability assay BD Falcon 3.0-mm cell culture inserts for 24-well plate (BD Biosciences) were precoated with 0.1% gelatin for 1 h at 37uC. hUtMVEC-Myo cells were grown in the insert (75 000 cells per 500 ml) to form a monolayer for 72 h. Monolayer confluence was tested measuring its permeability to trypan blue/BSA (adapted from Fiuza et al.
28
). Inserts were washed and transferred into clean wells containing 1 ml HBSS. Confluent monolayers on the insert were serum-starved overnight with SF-DMEM. The next day, hUtMVEC-Myo cells were stimulated with NS-CM or S-CM on both sides of the insert for 4 h at 37uC. Permeability of the monolayer after stimulation was examined by incubation with 1 mg/ml FITC-dextran in HBSS (average molecular weight 3000-5000 g/mol; Sigma-Aldrich) for 1.5 h. Two 150 ml aliquots of the bottom well solution were transferred to a 96-well black reading plate for fluorescence measurement at 490/520 nm. A 10-point standard curve was generated from a 1 : 2 dilution series with 1 mg/ml FITC-dextran as the starting concentration. A non-coated insert without hUtMVEC-Myo cells was used as a control for maximum leakage in each experiment. Additionally, two endothelium-coated inserts with confluent monolayers were incubated with endothelial growth media only (no stimulation) during the 4-h stimulation period and used as a negative control for minimal leakage of an intact monolayer.
Adhesion assay
Protocol was adapted and modified from Fiuza et al. 28 Human UtMVEC-Myo cells were grown in 96-well culture plates (10 000 cells/well) precoated with 0.1% gelatin to form a monolayer for 48 h. After overnight serum starvation, the monolayer was incubated with NS-CM or S-CM for 3 h. Neutrophils were labelled with 2.5 mMcalcein-AM (eBiosciences) for 30 min.
After endothelial cell stimulation, calcein-labelled human neutrophils (100 000 neutrophils in 150 ml of SF-DMEM per well) were added and allowed to adhere for 1 h at 37uC. Nonadherent cells were removed by washing with warm PBS. Fluorescence of the remaining adherent cells was quantified on Infinite 200 (Tecan Group Ltd., Mannedorf, Switzerland) at 490/520 nm. Number of adherent cells was calculated against a standard curve generated from 1 : 2 serial dilutions of calcein-AM-labelled neutrophils (from 200 000 to 3125).
Transendothelial migration (TEM) and chemotaxis assays Endothelial cell-coated inserts were performed as previously described. Confluent inserts were stimulated with NS-CM/S-CM or selected individual chemokines (CXCL8, CXCL1; R&D Systems, Inc., Minneapolis, MN, USA) at varying concentrations for 3-4 h. Primary human neutrophils were labelled with 2.5 mM calcein-AM (eBiosciences) for 30 min, loaded to the 3.0-mm inserts (2.0310 5 cells in 150 ml of SF-DMEM) and transmigrated for 1 h. In some experiments, neutralizing antibodies against CXCR1, CXCR2 or both receptors (10 mg/ml; R&D Systems, Inc.) were incubated with the isolated neutrophils 30 min prior to the TEM experiment. Transmigrated calcein-labelled human neutrophils were collected from the bottom chamber and measured for fluorescence at 490/520 nm.
Monocyte (THP-1) chemotaxis towards conditioned media was tested using CytoSelect 24-Well Cell Migration Assay (Cell Biolabs, Inc., San Diego, CA, USA). THP-1 cells were labelled with 2.5 mM calcein-AM for 30 min, loaded into the 8.0-mm inserts (2.0310 5 cells in 100 ml of SF-DMEM) and migrated for 2 h.
Effect of broad-spectrum chemokine inhibitor (BSCI) inhibitor
The inhibitory effect of BSCI (Funxional Therapeutics, Cambridge, UK) on primary human neutrophil TEM and THP-1 chemotaxis towards S-CM was examined to assess the potential effect of chemokine blockage on leukocyte recruitment. For TEM, S-CM was pretreated with 2 nM of BSCI in DMSO for 1 h at 37uC prior to endothelial stimulation, for THP-1 migration S-CM was pretreated with 5 nM of BSCI, or with vehicle (DMSO) as a negative control.
Statistical analysis
Data normality was assessed by the Kolmogorov-Smirnov test. For analysis of two groups, unpaired and paired t-tests were done for normally distributed data and Mann-Whitney U test for nonparametric data. For comparison between more than two groups, one-way ANOVA was employed. Post-tests such as Bonferroni or Tukey's test were used and specified in each specific analysis section. Significance level was set at *P,0.05, **P,0.01 and ***P,0.001. All statistical analyses were done using Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA).
RESULTS
Human myometrial cytokine expression induced by static mechanical stretch
Conditioned media from non-stretched and stretched hTERT-HM cell cultures were collected after undergoing 24 h of 25% static stretch. A total of 48 cytokines were analysed and the expression of nine cytokines was found significantly increased by stretch (Figure 1a ). These include IL-6, IL-12p70, CXCL8, CXCL1, macrophage migration inhibitory factor (MIF), G-CSF, basic fibroblast growth factor (bFGF), VEGF and platelet-derived growth factor subunit B (PDGF-bb). These stretch-induced cytokines are essential players during leukocyte extravasation that function as either pro-inflammatory agents (IL-12p70, MIF, IL-6, CXCL1, CXCL8) or growth factors (G-CSF) affecting leukocytes and endothelium (VEGF). Among these cytokines, CXCL8 and CXCL1 had the highest stretch-induced increase in S-CM as compared to NS-CM controls (Figure 1b , fold changes of 15.7 and 16.1, respectively).
Activation of uterine microvascular endothelial cells by stretch-induced cytokines
To initiate leukocyte extravasation, the expression of CAMs on the endothelium neighbouring the inflammation site must be increased. 29 Therefore, we investigated the effect of S-CM on the expression of four CAM genes in human myometrial microvascular endothelial cells. We observed that mRNA levels of E-selectin, VCAM-1 and ICAM-1 were significantly upregulated by S-CM treatment when compared to NS-CM (17.2-, 8.5-and 3.6-fold increase, respectively), whereas PECAM-1 expression was unaffected (Figure 2a) . Next we examined the protein expression of three CAMs whose gene expression was found to be upregulated by S-CM (E-selectin, VCAM-1 and ICAM-1) via flow cytometry analysis. The distribution of these three CAMs on hUtMVEC-Myo cells is demonstrated by Figure 2c , where ICAM-1 protein is expressed constitutively; however, E-selectin and VCAM-1 show low basal protein levels. After treatment with NS-CM and S-CM, ICAM-1 expression on endothelial cells was progressively increased in comparison to negative control (see right shift on histogram plot vs. SF-DMEM), with S-CM being the most potent stimulator (Figure 2b) . The MFI value, indicative of surface ICAM-1 protein expression, increased significantly (P,0.05) from 49.9068.9units (NS-CM) to 65.80613.83 units (S-CM) on a logic scale (Figure 2d ).E-selectin protein expression was detected on 2.23%61.18% of hUtMVEC-Myo cells after incubation with NS-CM. S-CM stimulation further increased E-selectin-positive endothelial cells by 2.8-fold to 6.25%61.91%. VCAM-1 expression was detected on 3.38%61.53% of hUtMVEC-Myo cells following NS-CM treatment, whereas S-CM treatment increased the expression by 2.60-fold to 8.78%63.24%. These results suggest the potential role of stretch-induced cytokines in the activation of myometrial microvascular endothelial cells. Further, we explored whether S-CM also influences vascular permeability in parallel with activating endothelial cells. In vitro analysis of FITC-dextran dye leakage through the endothelial monolayer treated with S-CM revealed significant increase of the permeability compared to the negative control (P50.0248; Figure 2e) . No difference in leakage, however, was observed between cells treated with NS-CM and S-CM, which indicate that multiple cytokines secreted by myometrial SMCs likely were able to influence the integrity of the uterine vasculature in the absence of stretch.
Peripheral leukocyte activation by stretch-induced myometrial cytokines Next, using flow cytometry analysis of CD11b and CD44 protein expression, we explored the activation status of peripheral leukocytes following stimulation with NS-CM and S-CM. Peripheral blood samples from pregnant women were analysed for the expression of CD11b after 1-h incubation with CM. Our results showed that treatment with NS-CM and S-CM elicited significant CD11b activation on the surfaces of both monocytes and neutrophils when compared to treatment with negative control SF-DMEM (Figure 3a) . However, no difference was observed between NS-CM and S-CM stimulation. These data Figure 1 Pro-inflammatory cytokines are up-regulated by static stretch in hTERT-HM cells. Cytokines released by hTERT-HM cells in culture media upon 24 h of 25% static stretch (n57). White bars represent cytokines detected in the non-stretched conditioned media (NS-CM), whereas black bars represent cytokines detected in the stretched conditioned media (S-CM). (a) Absolute concentration values are presented as mean6s.e.m. on a logarithmic scale. (b) Increase in cytokine levels secreted in S-CM is illustrated as fold change relative to NS-CM levels (the dotted line in the bottom designates 1). Significance was set at *P,0.05 comparing each S-CM group to its corresponding NS-CM group.
indicate that multiple cytokines secreted by myometrial cells, irrespective of mechanical stretch, were able to activate the expression or the translocation of the integrin molecule to the surface of white blood cells. On the contrary, CD44 expression on both peripheral monocytes (1.24-fold) and neutrophils (1.22-fold) was increased after 6-h incubation with S-CM when compared to NS-CM treatment (Figure 3b ).
Stretched-induced myometrial cytokines enhanced leukocyte recruitment
To mimic the effect of mechanical stretch on the adhesion of immune cells to the nearby endothelium in the myometrium, we stimulated hUtMVEC-Myo monolayer with media conditioned by myometrial cells and examined the ability of primary human neutrophils to adhere. Our data indicate that S-CM significantly increased the number of bound neutrophils compared to NS-CM (1.69-fold, P50.0286; Figure 4a ).
We next asked whether the stretched-induced secretion of multiple chemokines is capable of stimulating chemotaxis of immune cells. TEM assay was performed to model neutrophil extravasation into the myometrial tissue in the presence of mechanical stretch. We found that S-CM treatment significantly induced neutrophil transmigration as compared to NS-CM treatment (1.72-fold increase of immune cells detected in the bottom chamber, P50.0096, Figure 4b ). Two chemokines most significantly upregulated by stretch in the hTERT-HM conditioned media (CXCL1 and CXCL8) are neutrophil chemoattractants exerting their activities through CXC chemokine receptors 1 and 2. Thus, we incubated peripheral neutrophils with anti-CXCR1 and anti-CXCR2 neutralizing antibodies prior to TEM assay and found that TEM was reduced by 61.1% and 62.3%, respectively (P,0.05; Figure 4b ) demonstrating that increased migratory characteristics of primary human neutrophils involves activation of those CXC receptors. Simultaneous antibody neutralization of both receptors further decreased TEM by 80.6% (Figure 4b ). These results indicate that the enhancement of TEM by S-CM was caused, at least in part, by biologically active CXCL1 and CXCL8 secreted by myometrial SMCs after mechanical stimulation. To mimic the effect of S-CM, we tested CXCL1 and CXCL8 at various concentrations for their ability to trigger TEM of primary human neutrophils. Neutrophils from pregnant women exhibited dose-dependent increase in TEM ability (from 1.24-fold to 6.62-fold relative to control) in response to increasing concentrations of CXCL8 (from 1 to 100 ng/ml; Figure 4c ). Chemotactic activity of CXCL8 was blocked by neutralizing CXCR1, whereas neutralization of CXCR2 showed no effect on percentage of transmigrated neutrophils. This likely suggests that CXCL8 mainly exerted chemotactic signalling via CXCR1 but not CXCR2. CXCL1 also enhanced neutrophil TEM in a dose-dependent manner (Figure 4d ). Chemotactic activity of CXCL1 was blocked by neutralizing CXCR2 (P50.032), indicating that CXCL1-induced neutrophil TEM was mediated by CXCR2. Additionally, it was reported that BSCI simultaneously blocks the actions of multiple chemokines in directing leukocyte chemotaxis. 4, 5, 30 Adding BSCI to S-CM 1 h prior to the TEM assay reduced neutrophil TEM by 70.4% (P,0.05) in comparison to the S-CM group without BSCI, a level similar to the NS-CM group (Figure 4e) .
We next investigated whether the increased secretion of multiple myometrial cytokines in response to stretch influences chemotaxis of monocytes. Migration of monocytic THP-1 cells towards S-CM was greater than towards NS-CM (4.93-fold to 3.92-fold relative to SF-DMEM control; Figure 4f ). Pretreatment of S-CM with BSCI prior to the chemotaxis assay reduced THP-1 migration to a level similar to the NS-CM group (Figure 4f) . These results suggest the potential inhibitory role of BSCI in leukocyte extravasation.
DISCUSSION
Only a few studies to date have investigated the effect of artificial mechanical stretch on the secretion of cytokines by human myometrial SMCs (mimicking biological mechanical stretch of the uterine wall by the growing fetus at late gestation) with Hua et al. 31 reporting that mechanical stretch augmented the expression of five from six chemokines they analysed in primary human myometrial myocytes. 31 This current paper provides a detailed analysis of 48 cytokines secreted in vitro by human myometrial SMCs upon artificial mechanical stretch. Our results demonstrate that after 24 h of 25% static stretch: (i) multiple pro-inflammatory cytokines (IL-6, IL-12p70, MIF), chemokines (CXCL1, CXCL8) and growth factors (G-CSF, VEGF, bFGF and PDGF-bb) were significantly induced; (ii) these stretch-induced cytokines were able to activate human leukocytes and human microvascular endothelial cells; and (iii) increased TEM of immune cells in vitro which mimics peripheral leukocyte recruitment into the uterine smooth muscle in vivo. All cytokines induced by static stretch are known to exhibit important roles in the activation of uterine vascular endothelium and peripheral leukocytes to promote their survival, differentiation and extravasation from the blood vessels into the underlying tissues (i.e., myometrium). Importantly, our current in vitro data directly matches the cytokine profile recently detected in vivo in human labouring myometrial samples when compared to myometrial samples collected before labour onset, particularly in the expression of IL-6, CXCL8, CXCL1 and G-CSF. 7, 19 This concordance suggests that these cytokines/chemokines elevated in labouring myometrium in vivo could potentially be attributed to uterine stretch.
The specific role of these cytokines in the initiation of labour is not clear. It is known that the actions of IL-6 are closely associated with labour progression. IL-6 promotes synchronous myometrial contraction via PG synthesis and expression of oxytocin and its receptor. [32] [33] [34] [35] Furthermore, IL-6 2/2 mice showed impaired leukocyte accumulation, suggesting that IL-6 also plays a role in leukocyte recruitment. 36 Two CXC family chemokines (CXCL1 and CXCL8) are well known for their strong chemoattractant activity on neutrophils, and their expression in human myometrium during spontaneous labour was reported and confirmed by many research groups. Recent reports of transcriptome data in spontaneous human labouring myometrial samples identified IL-6, CXCL1 and CXCL8 as highly expressed genes, with CXCL8 exhibiting the highest fold change in TL compared to term not-in-labour samples. 3, 37 In line with our observations, Hua et al. 31 showed that mechanical stretch augmented the expression of various chemokines in primary human myometrial myocytes including CCL2, CXCL8 and CXCL1. Interestingly, growth factors can also act as chemoattractants and are involved in ECM remodeling and cytokine release. 39 G-CSF stimulates the proliferation and differentiation of neutrophils while promoting the mobilization of neutrophils out of bone marrow, 40 suggesting that myometrial cytokine secretion may partially contribute to the neutrophilia seen in healthy pregnant women. 41 In addition, G-CSF and MIF enhance neutrophil survival by inhibiting pro-apoptotic events. 42 Other stretch-induced growth factors, VEGF, bFGF and PDGF-bb, have been shown to participate in the wound healing process by inducing angiogenesis, 39, 43 indicating their potential role in the postpartum involution of the uterus. Further, VEGF has also been shown to enhance neutrophil and monocyte TEM via inducing endothelial secretion of CXCL8 and increasing monocyte integrin expression. 44 In addition, we confirmed here that stretchinduced CXCL1 and CXCL8 were biologically active since blocking either or both of CXCR1 and CXCR2 receptors on primary human neutrophils resulted in significant reduction of TEM. Furthermore, inactivating multiple chemokines simultaneously through the administration of BSCI significantly decreased both neutrophil TEM and THP-1 migration.
The first step in the process of leukocyte TEM is adhesion to the activated vasculature. In particular, endothelial CAMs play an essential role in the development of a localized inflammatory response. 45 It has well been known that pro-inflammatory cytokines are potent stimulator of endothelial CAMs, 46 which in turn mediate the movement of peripheral leukocytes into the sites of inflammation. Earlier in vivo studies revealed higher myometrial expression of ICAM-1, VCAM-1 and E-selectin during parturition, mainly in the endothelium; 11, 47 however, the cause of such activation was not explored. We postulated that stretch-induced cytokines will upregulate expression of CAMs on uterine microvascular endothelial cells which will subsequently enhance TEM of peripheral leukocytes. Our current results confirm that media conditioned by stretched myometrial cells was able to up-regulate CAMs on human uterine microvascular ECs, likely due to a synergistic effect of multiple cytokines. Further, our results are consistent with previously described mechanism of immune cell extravasation in other systems such as inflammatory heart disease. 45 We assume that with the enhanced CAM expression on ECs, the likelihood of circulating leukocytes to interact with the activated endothelium greatly increases. We should acknowledge however that in addition to stretch, soluble factors (e.g., complement 48 ) and sex steroids 49 that have been shown to modulate CAM expression also likely contribute to the increase in immune cell invasion near term.
Moreover, during extravasation, peripheral leukocytes must be activated to express integrin molecules (i.e., CD11b, also known as ITGAM) on their surfaces for interaction with the endothelium. 29 CD11b is an important mediator of leukocyte recruitment; its surface expression has been found to be upregulated on peripheral monocytes and neutrophils of term pregnant women. 4, 5 ICAM-1 is a major ligand for leukocyte integrins LFA-1 and Mac-1 (CD11b/CD18 or amb2), whereas E-selectin binds to P-selectin glycoprotein ligand-1, hyaluronic acid receptor CD44 and Mac-1 on leukocytes. 50 The a4b1 integrin, the ligand for VCAM-1, is found on the surface of monocytes, lymphocytes, eosinophils, basophils 47 and neutrophils during chronic inflammation. 51 In addition, CD44 (which is constitutively expressed by immune cells) was shown to be involved in the recruitment of monocytes and neutrophils to the site of inflammation. 52, 53 CD44-hyaluronic acid interaction could be induced by inflammatory stimuli such as cytokines. 54 CD44 protein was recently found to be increased on peripheral leukocytes from term pregnant women. 55 Given the crucial role in leukocyte-endothelial interaction, we hypothesized that CD11b and CD44 can mediate the recruitment of leukocytes during labour, the process stimulated by the stretch-induced release of multiple cytokines by the myometrium. In support of this hypothesis, we found that CD11b and CD44 expression on both leukocyte subtypes was increased after incubating with media conditioned by myometrial SMCs and that neutrophil adhesion to the underlying endothelial monolayer was significantly enhanced after ECs were stimulated with S-CM. Overall, this may indicate that myometrial-secreted cytokines could potentially be responsible for the induction of endothelial CAMs, integrins and CD44 on peripheral leukocytes, and could subsequently enhance leukocyte adhesion to activated endothelium during TL (the effect that we also demonstrated through adhesion assays), which promotes their infiltration into uterine tissues. It was shown by others that the adhesion of leukocytes initiate intracellular signalling pathways that increase permeability and facilitate the TEM of leukocytes. 11, 56, 57 Leukocytes can undertake two routes during TEM: transcellular (through cytoplasm) or paracellular (between adjacent ECs) pathways. [57] [58] [59] In this study, we demonstrated that myometrial cytokines (irrespective of stretch) augment vascular permeability, which allow selective yet specific passage of blood cells and macromolecules.
Altogether, our current results showing the enhanced human leukocyte trafficking towards stretch-induced myometrial cytokines/chemokines in vitro support their direct involvement in the infiltration of immune cells into the uterus during labour that was reported in vivo. 13, 56 We suggest a model by which leukocyte recruitment to the uterus, as part of the initiation of labour, is achieved ( Figure 5 ). According to this model, (i) mechanical stretch imposed by the growing fetus at late gestation contributes to the release of multiple myometrial cytokines, which activate (ii) peripheral maternal leukocytes and (iii) endothelium (iv) to promote their adhesion to ECs which (v) facilitate the entry of peripheral leukocytes into the uterine tissues. As a result, the leukocyte infiltrate secretes more pro-inflammatory cytokines that may contribute to the amplification of inflammatory signal that ultimately leads to the onset of labour and facilitates the process of postpartum involution. 
